Stroke is a neurodegerative disease characterized by high mortality and morbidity \[[@r34]\]. Ischemia is a major cause of neuronal disability and impairment. Ischemic injuries induce reactive oxygen species generation and neuronal cell damage \[[@r30]\]. Cerebral ischemia leads to serious permanent neurological disorders, and damage from ischemic injury is difficult to repair \[[@r8]\]. Moreover, ischemia causes pathological events, including glutamate excitotoxicity, membrane depolarization, calcium accumulation, and toxic free radical generation \[[@r7]\]. These changes induce unrecoverable neuronal cell death, leading to possible functional degeneration \[[@r11]\].

Epigallocatechin gallate (EGCG) is a polyphenolic compound that is abundant in green tea. EGCG is nontoxic and acts as a natural iron chelator, and it is a useful reagent as it penetrates the blood-brain barrier \[[@r21]\]. EGCG has diverse beneficial effects, such as anti-oxidant, anti-inflammation, anti-cancer, and anti-obesity actions \[[@r10], [@r13], [@r18], [@r40]\]. EGCG also exerts a neuroprotective effect against neurological disorders including multiple sclerosis, Parkinson's disease, Alzheimer's disease, and stroke \[[@r1], [@r4], [@r5], [@r25]\]. It ameliorates learning and memory deficits in ischemic injury through modulation of oxidative stress and neuroinflammation \[[@r36]\]. EGCG acts as a potent anti-oxidant and protects neuronal cells against oxidative stress-induced damage \[[@r24]\]. EGCG induces neuronal proliferation and differentiation in neural progenitor cells and promotes neurogenesis after ischemic stroke \[[@r38]\]. The neuroprotective mechanisms of EGCG are very complex. Although many previous studies have demonstrated some neuroprotective effects of EGCG, the protective mechanism has not been fully elucidated. Therefore, we investigated the neuroprotective effects of EGCG against focal cerebral ischemia and elucidated its anti-apoptotic signal regulation.

MATERIALS AND METHODS {#s1}
=====================

Experimental animals
--------------------

Adult male Sprague-Dawley rats were purchased from Samtako Co. (Animal Breeding Center, Osan, Korea). Rats were maintained under light condition (12 hr day/12 hr night) and temperature (22 ± 1°C), and given free access to water and food. All experimental protocols were approved and carried out in accordance to the Guide for Institutional Animal Care and Use Committee of Gyeongsang National University (Approval number: GNU-190218-R0008). Rats were randomly grouped into four groups (*n*=20 each group) as follows: vehicle+sham, EGCG+sham, vehicle+middle cerebral artery occlusion (MCAO), and EGCG+MCAO. EGCG (Sigma Aldrich, St. Louis, MO, USA) was dissolved in phosphate buffered saline (PBS). EGCG (50 mg/kg) or vehicle was intraperitoneally injected just before MCAO operation \[[@r4], [@r17]\]. Vehicle group was treated only PBS without EGCG.

Middle cerebral artery occlusion
--------------------------------

Rats were anesthetized with Zoletil (50 mg/kg, Virbac, Carros, France) before surgery. MCAO was performed with a previous described method \[[@r20]\]. Animals were kept on an operation table with supine position and a midline neck skin was incised. Right common carotid artery (CCA) was exposed and separated from adjacent tissues, continuously external carotid artery (ECA) and internal carotid artery (ICA) was exposed. Right CCA was temporally blocked using a microvascular clamp and proximal end of ECA was ligated and cut. A 4--0 nylon suture with flame-blunted end was inserted into truncated ECA and put into ICA to the origin of middle cerebral artery. The length of inserted nylon suture was approximately 22 to 24 mm. ECA with inserted filament was ligated and skin incision was sutured with silk. Sham-operated animals were performed as an identical surgical operation except a nylon suture insertion. Animals were put on a heating pad for the keeping of body temperature during surgery. MCAO was maintained for 24 hr and functional neurological deficit test was performed. Animals were quickly sacrificed by cervical dislocation to reduce suffering and whole brain was isolated for further experiment.

Neurological deficit scoring test
---------------------------------

We conducted neurological deficit scoring test 24 hr after MCAO induction. Neurological behavior disorders were evaluated by neurological deficit scoring test \[[@r14], [@r32]\]. Scoring system was conducted based on a five-point scale as follows: normal posture without neurological deficit (no neurological deficit, 0), incomplete extension and weakness of contralateral forelimb (mild neurological deficit, 1), circling spontaneous to contralateral side (moderate neurological deficit, 2), falling down to contralateral side, sensitive response to stimulus, seizure (severe neurological deficit, 3), no spontaneous movement and no conscious (very severe neurological deficit, 4).

Brain edema measurement
-----------------------

Cerebral cortex tissues were isolated from whole brain and placed on a slide glass. Tissues were immediately weighed by GB204 electronic balance (Mettler toledo, Columbus, OH, USA) to measure the wet weight. They were dried in a dry oven for 24 hr at 100°C to obtain the dry weight. Water content of brain tissues (%) was calculated by following formula: \[(wet weight--dry weight)/dry weight\] ×100.

Triphenyltetrazolium chloride staining
--------------------------------------

Brain tissues were removed from the skull and placed on brain matrix (Ted Pella, Redding, CA, USA). They were coronally sliced into 2 mm slices and incubated with 1% triphenyltetrazolium chloride (TTC, Sigma Aldrich) solution for 20 min at 37°C. Brain slices were fixed in 10% formalin solution for 24 hr and stained images were scanned by Agfar ARCUS 1200™ (Agfar Gevaert, Mortsel, Belgium). Intact areas were stained as red color, whereas infarct areas were un-stained and remained as white color. Infarct areas of slice were quantified by Image-ProPlus 4.0 software (Media Cybernetics, Silver Spring, MD, USA). Infarct volumes (%) were calculated as follows: (infarct area/whole brain area) ×100.

Hematoxylin and eosin staining
------------------------------

Brain tissues were fixed in 4% neutral buffered paraformaldehyde solution. They were washed with tap water, dehydrated with ethanol from low to high concentration (70 to 100%), and cleaned with xylene. Tissues were embedded with paraplast (Leica, Wetzlar, Germany) in Leica EG1160 paraffin embedding center (Leica) and paraffin blocks were sectioned into 4 *µ*m using a rotary microtome (Leica). Tissue sections were placed on a slide glass, dried on slide warmer, deparaffinized with xylene, and hydrated with high concentration ethanol to low concentration ethanol (100 to 70%). Sections were stained with Harris' hematoxylin solution (Sigma Aldrich) for 5 min, washed with tap water for 5 min, and then differentiated in 1% HCl solution and 1% ammonia water. They were washed with water and stained with eosin Y solution (Sigma Aldrich) for 2 min. Stained tissues were washed with water, dehydrated with a graded series of ethanol, and cleared with xylene. Finally, stained tissues mounted with Permount mounting medium (Thermo Fisher Scientific, Waltham, MA, USA) for light microscopic observations. Stained tissues were observed and photographed using Olympus microscope (Olympus, Tokyo, Japan).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
--------------------------------------------------------------------------

TUNEL assay was carried out to detect apoptotic cells using ApopTag^®^ Peroxidase *In Situ* Apoptosis Detection Kit (Merck, Kenilworth, NJ, USA). Deparaffinized sections were incubated with proteinase K (20 *µ*g/m*l*) for 5 min and washed with PBS for 5 min. Sections were incubated with 3% hydrogen peroxide in methanol for 5 min to inhibit endogenous peroxidase activity. They were washed with PBS for 5 min and reacted with equilibration buffer for 1 hr at 4°C. And then, they were incubated with reaction buffer and terminal deoxynucleotidyl transferase (TdT) enzyme mixture in humidified chamber for 90 min at 37°C. Sections were incubated with stop buffer for 10 min to terminate TdT enzyme reaction, rinsed with PBS for 5 min, incubated with anti-digoxigenin conjugate for 1 hr, and washed with PBS. They were stained with 3,3′-diaminobenzidine (DAB, Sigma Aldrich) and washed with PBS for 5 min. They were counterstained by hematoxylin solution, and dehydrated in a graded series of ethanol (70 to 100%), and cleaned with xylene. Sections were coverslipped by Permount mounting medium (Thermo Fisher Scientific) and observed using Olympus light microscope (Olympus). Five fields in cerebral cortical images were chosen and TUNEL-positive cells were counted in each field. The result value of TUNEL assay was expressed as a percentage of the number of TUNEL-positive cells to the number of total cells.

Western blot analysis
---------------------

Right cerebral cortices were carefully separated from brain, quickly frozen in liquid nitrogen, and kept at −70°C. They were homogenized in lysis buffer \[1% Triton X-100, 1 mM EDTA in PBS (pH 7.4)\] contained phenylmethanesulfonyl fluoride (PMSF, Sigma Aldrich) to extract total protein. Lysates were sonicated and centrifuged at 15,000 g for 1 hr at 4°C. Supernatants were collected and protein concentrations were measured with bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA). Total proteins (30 *µ*g) from each sample were loaded into 10% sodium dodecyl sulfate polyacrylamide gel and electrophoresed at 10 mA for 30 min, continuously run at 20 mA for 90 min using Mini-Protean^®^ 3 cell (Bio-Rad, Hercules, CA, USA). They were transferred onto poly-vinylidene fluoride membranes (Sigma Aldrich) at 120 V for 2 hr. Membranes were blocked with 5% skim milk solution in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 hr, washed with TBST, and reacted for overnight at 4°C with specific primary antibodies against anti-caspase 3, anti-poly ADP-ribose polymerase (PARP), and anti-β-actin (diluted 1:1,000, Cell Signaling Technology, Beverly, MA, USA). Membranes were rinsed with TBST and incubated with horseradish peroxide-conjugated anti-rabbit IgG or anti-mouse IgG (diluted 1:5,000, Cell Signaling Technology) for 2 hr at room temperature. They were washed with TBST and incubated with enhanced chemiluminescence reagents (GE Healthcare, Little Chalfont, Buckinghamshire, UK) to detect reacted signals. They were consequently exposed to X-ray film to visualize protein bands. Relative densities for these expressions were normalized using β-actin expression. They were presents as a ratio of these proteins intensity to β-actin intensity.

Statistical analysis
--------------------

All experiment data were presented as the mean ± standard error of means (S.E.M.). The results of each group were compared by two-way analysis of variance (ANOVA) followed by *post-hoc* Scheffe's test. *P*\<0.05 was regarded as statistically significant.

RESULTS {#s2}
=======

We found that MCAO injury leads to neurological behavioral dysfunction and neuronal damage. Neurological damage was evaluated by neurological deficit scoring and brain edema measurement. Vehicle-treated animals with MCAO showed severe functional neurologic deficits such as spontaneous circling, falling to the left side, lack of spontaneous movement, and seizures. ECGC-treated animals with MCAO showed only mild neurologic deficits, with failure to extend the left forepaw. Impairment on the left side indicates effects on the contralateral side of the ischemic region. However, sham-operated animals did not show any distinct symptoms of neurological deficits regardless of vehicle or EGCG administration. Neurological deficit scores were 3.55 ± 0.37 and 1.54 ± 0.23 in vehicle+MCAO and EGCG+MCAO animals, respectively ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Neurobehavioral scores (A) and edema measurements (B) in vehicle+sham, epigallocatechin gallate (EGCG)+sham, vehicle+middle cerebral artery occlusion (MCAO), and EGCG+MCAO animals. EGCG attenuated the functional neurological deficits and edema caused by ischemic stroke. Data (*n*=4) are represented as mean ± S.E.M. \**P*\<0.01, \*\**P*\<0.05 vs. vehicle+sham animals, ^\#^*P*\<0.05 vs. vehicle+MCAO animals.). MCAO injury caused severe cerebral cortex edema, whereas EGCG treatment alleviated this change. The water content of the cerebral cortex was 87.5 ± 0.21% in vehicle+MCAO animals and 84.3 ± 0.15% in EGCG+MCAO animals ([Fig. 1B](#fig_001){ref-type="fig"}).

TTC staining showed that infarct volume markedly increases in MCAO-operated animals ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Representative photograph of Triphenyltetrazolium chloride (TTC) staining (A) and infarct volume (B) in vehicle+sham, epigallocatechin gallate (EGCG)+sham, vehicle+middle cerebral artery occlusion (MCAO), and EGCG+MCAO animals. Intact areas stained red, while ischemic areas remained white in color (A). Infarct volume was calculated as the ratio of infarct area to total brain area (B). EGCG attenuated MCAO-induced infarction. Data (*n*=4) are represented as mean ± S.E.M. \**P*\<0.01, \*\**P*\<0.05 vs. vehicle+sham animals, ^\#^*P*\<0.05 vs. vehicle+MCAO animals.). However, this increase was alleviated in EGCG-treated animals compared to vehicle-treated animals. Ischemic regions remained white, while intact regions stained red. Infarct volumes were 29.9 ± 1.34% and 14.7 ± 1.13% in vehicle+MCAO and EGCG+MCAO animals, respectively ([Fig. 2B](#fig_002){ref-type="fig"}). Infarct regions were not observed in sham-operated animals regardless of vehicle or EGCG treatment. [Figure 3](#fig_003){ref-type="fig"}Fig. 3.Representative photograph of hematoxylin and eosin staining (A--D) in vehicle+sham, epigallocatechin gallate (EGCG)+sham, vehicle+middle cerebral artery occlusion (MCAO), and EGCG+MCAO animals. EGCG alleviated histopathological changes caused by MCAO. Filled arrows indicate shrunken and condensed nuclei, and open arrows indicate swelled and vacuolated forms. Scale bar=100 *µ*m. shows serious histopathological changes in the cerebral cortex of MCAO animals. Typical pyramidal cells with large and round nuclei were observed in sham-operated animals. However, MCAO-operated animals had distorted pyramidal cells with condensed nuclei and shrunken dendrites, as well as numerous vacuoles in the cytoplasm. These histopathological changes were alleviated by EGCG treatment. Pyknotic nuclei and vacuoles were reduced in EGCG-treated animals with MCAO. Shrunken dendrites were preserved in similar shapes to those of sham-operated animals. We also detected TUNEL-positive signals in the cerebral cortex of MCAO-operated animals. The number of TUNEL-positive cells was significantly increased in vehicle-treated animals with MCAO ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Representative photos of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (A--D) in the cerebral cortex in vehicle+sham, epigallocatechin gallate (EGCG)+sham, vehicle+middle cerebral artery occlusion (MCAO), and EGCG+MCAO animals. The number of TUNEL positive cells was markedly increased in vehicle+MCAO animals, while EGCG decreased the number of these positive cells (A and B). Arrows indicate cells with positive TUNEL staining. Scale bar: 100 *µ*m. Apoptotic index (E) indicates the percentage of TUNEL-positive cells to total cells. Data (*n*=4) are shown as mean ± S.E.M. \**P*\<0.01, \*\**P*\<0.05 vs. vehicle+sham animals, ^\#^*P*\<0.05 vs. vehicle+MCAO animals.). However, EGCG administration attenuated this MCAO-induced increase ([Fig. 4B](#fig_004){ref-type="fig"}). The value of TUNEL-positive reactions represents the apoptotic index, which in the cerebral cortex was 78.46 ± 5.27% and 32.17 ± 4.33% in vehicle+MCAO and EGCG+MCAO animals, respectively ([Fig. 4E](#fig_004){ref-type="fig"}).

The results of Western blot analysis showed changes of PARP and caspase-3 expressions in the cerebral cortex of MCAO animals ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Western blot analysis of poly ADP-ribose polymerase (PARP) and caspase-3 proteins in vehicle+sham, epigallocatechin gallate (EGCG)+sham, vehicle+middle cerebral artery occlusion (MCAO), and EGCG+MCAO animals. EGCG prevents MCAO-induced increases of PARP and caspase-3 expressions. Densitometric analysis is represented as a ratio of PARP (B) and caspase-3 (D) staining intensity to actin intensity. Data (*n*=4) are shown as mean ± S.E.M. \**P*\<0.01, \*\**P*\<0.05 vs. vehicle+sham animals, ^\#^*P*\<0.05 vs. vehicle+MCAO animals.). PARP and caspase-3 expression levels were significantly increased in MCAO animals with vehicle compared to those of sham animals. However, increases of these proteins were alleviated by EGCG treatment. PARP expression level was 1.49 ± 0.14 in vehicle+MCAO and 0.65 ± 0.04 in EGCG+MCAO animals ([Fig. 5B](#fig_005){ref-type="fig"}). Moreover, caspase-3 expression level was 1.33 ± 0.05 and 0.69 ± 0.07 in vehicle+MCAO and EGCG+MCAO animals, respectively ([Fig. 5D](#fig_005){ref-type="fig"}).

DISCUSSION {#s3}
==========

Cerebral ischemia is associated with severe neurological deficits, such as cognitive disorders and sensorimotor impairment \[[@r6], [@r33], [@r39]\]. It also induces serious neurological impairments, including motor dysfunction and seizure. Previous studies showed that post-treatment of EGCG after MCAO ischemic injury exerts a neuroprotective effect \[[@r4], [@r17]\]. As a further study, we elucidated that pre-treatment of EGCG protects neuronal cells against focal cerebral ischemia. EGCG is considered as a potent preventative agent. Moreover, EGCG treatment prevents neurological dysfunction and alleviates brain edema caused by MCAO injury. Brain edema is accepted as a representative pathological symptom in ischemic stroke \[[@r29]\]. Moreover, EGCG treatment decreases infarct volume and attenuates histopathological changes. TUNEL-positive reactions indicate cell death, which accompanies the apoptotic process. We confirmed that MCAO injury increases the number of TUNEL-positive cells in the cerebral cortex, and that this increase was alleviated by EGCG treatment. Thus, we clearly demonstrated that EGCG exerts neuroprotective effects and preserves neuronal cells in the cerebral cortex of MCAO-injured animals.

Cerebral ischemic injury generates cytotoxic oxidants \[[@r2]\]. Oxidative stress induces mitochondrial dysfunction and leads to intracellular calcium overload \[[@r27]\]. Excessive calcium concentration induces excitotoxicity and impairs neuronal cells \[[@r12]\]. Excitotoxicity triggers necrosis and apoptosis in brain ischemia \[[@r28]\]. EGCG reduces oxidative damage and exerts neuroprotective effects against glutamate and kainic acid-induced excitotoxicity \[[@r15]\]. Moreover, oxidants destroy the blood-brain barrier and cell structure, which results in neuronal cell damage \[[@r35]\]. EGCG permeates the blood-brain barrier, becomes distributed in the brain parenchyma, and efficiently exerts protective effects during ischemic injury \[[@r26]\]. EGCG alleviates blood-brain barrier damage in cerebral ischemia by regulating tight junctions and protein kinase C signaling \[[@r19]\]. It also contributes to neurogenesis by modulating neuronal differentiation in neuronal precursor cells \[[@r38]\]. Our results clearly show that EGCG mediates neuroprotective functions against brain ischemic injury through various experimental techniques.

Apoptosis is a cell death process caused by oxidative stress and excitotoxicity. We demonstrated that MCAO injury activates the apoptotic signaling pathway and induces apoptotic cell death in the cerebral cortex, whereas EGCG prevents the MCAO-induced apoptotic signaling cascade and attenuates apoptotic neuronal cell death. Caspase-3 and PARP proteins are representative apoptotic indicators. Caspase-3 is a critical participant of apoptosis, and its activation is considered a general marker of apoptotic cell death. Activation of caspase promotes pro-inflammatory responses and cell death \[[@r16]\]. In addition, PARP is an enzyme that is involved in DNA repair to address damage due to stress \[[@r31]\]. Moreover, PARP induces apoptotic cell death by releasing apoptosis inducing factor \[[@r37]\]. Cerebral ischemia increases PARP expression in neurons, astrocytes, and microglial cells. However, brain damage caused by ischemic injury is alleviated through suppression of PARP by genetic modification or PARP inhibitor administration \[[@r3], [@r9], [@r23]\]. Thus, up-regulation of PARP during neuronal injury indicates apoptotic neuronal cell death and brain damage \[[@r22]\]. We observed increases of caspase-3 and PARP proteins in the cerebral cortex of MCAO mice. We clearly demonstrated that EGCG prevents MCAO-induced increases of caspase-3 and PARP expressions. Alleviation of such proteins increases indicates suppression of apoptotic cell death. In this study, we showed that EGCG attenuates infarction and apoptotic cell death in the cerebral cortex region during MCAO injury. EGCG also alleviates increases of caspase-3 and PARP expressions caused by MCAO. In conclusion, EGCG prevents MCAO-induced neurological dysfunction, infarction, and histopathological changes. It attenuates apoptotic cell death through inactivation of caspase-3 and PARP in MCAO surgery. Thus, our findings suggest that pre-treatment of EGCG acts as a neuroprotective agent in focal cerebral ischemia by modulating the apoptotic signaling cascade.
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